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The  development  of a dual-wavelength  full-waveform  terrestrial  laser  scanner  to measure  the three-
dimensional  structure  of forest  canopies  is  described,  and  ﬁeld  measurements  used to evaluate  and
test  the  instrument  measurement  characteristics.  The  Salford  Advanced  Laser  Canopy  Analyser  (SALCA)
measures  the  full-waveform  of  backscattered  radiation  at two laser  wavelengths,  one  in the  near-infrared
(1063  nm)  and  one  in  the  shortwave  infrared  (1545  nm).  The  instrument  is  ﬁeld-portable  and  measures  up
to nine  million  waveforms,  at the  two wavelengths,  across  a complete  hemisphere  above  the  instrument.
SALCA  was  purpose-built  to measure  structural  characteristics  of  forest  canopies  and this  paper  reports
the ﬁrst  results  of ﬁeld-based  data  collection  using  the instrument.  Characteristics  of  the  waveforms,  and
waveform  data  processing  are  outlined,  applications  of  dual  wavelength  measurements  are  evaluated,
and  ﬁeld  deployment  of  the  instrument  at  a  forest  test  site  described.  Preliminary  instrument  calibrationual-wavelength results  are presented  and  challenges  in  extracting  useful  information  on forest  structure  are  highlighted.
Full-waveform  multiple-wavelength  terrestrial  laser scanners  are  likely  to provide  more  detailed  and
more accurate  forest  structural  measurement  in the  future.  This  research  demonstrates  how  SALCA pro-
vides a key  step  to develop,  test  and  apply  this  new  technology  in a range  of forest-related  problems.
ublis©  2014  The  Authors.  P
. Introduction
Vegetation canopy structure describes the size, shape, orien-
ation and location, in three-dimensional (3D) space, of canopy
omponents including stems, branches, shoots, and leaves or nee-
les. Canopy structure controls key ecological processes such as
ight interception and gas exchange between vegetation and the
tmosphere, and it determines vegetation productivity and habi-
at structure at a range of spatial scales; it varies in 3D space in
erms of the vertical and horizontal arrangement of canopy ele-
ents, and varies in time through plant growth and developmentBonan, 1993; Sellers et al., 1997; Yang and Friedl, 2003). Variations
n canopy structure also complicate the interpretation of vegeta-
ion reﬂectance measurements in remote sensing studies and 3D
∗ Corresponding author. Tel.: +44 161295 4038; fax: +44 161 295 5015.
E-mail address: f.m.danson@salford.ac.uk (F.M. Danson).
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168-1923/© 2014 The Authors. Published by Elsevier B.V. This is an open access article uhed  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/3.0/).
structural forest structural information is required here to improve
model-based information extraction from such data (Knyazikhin
et al., 2013). Field-based measurements of vegetation canopy struc-
ture attempt to capture data on leaf area index (LAI), canopy cover,
canopy clumping and vertical foliage distribution, that may  be used
to drive or test ecological or hydrometeorological models, to cal-
ibrate or validate remotely sensed estimates of canopy structural
variables, or provide information for management and conserva-
tion (Asner et al., 2003; Baldocchi and Wilson, 2001). However,
direct measurement of variables like LAI is time-consuming and
error-prone in all but the simplest vegetation canopies, and a range
of indirect measurement methods have been developed and tested,
based on instruments that measure the transmission of radia-
tion through the canopy (Breda, 2003; Jonckheere et al., 2004).
These instruments provide indirect estimates of canopy structural
variables but require assumptions to be made about leaf angle
distribution, foliage clumping and the area of woody stems and
branches in the canopy, and they do not provide any information
about the 3D arrangement of canopy elements.
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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Hemispherical photography (HP) has been used by forest ecol-
gists for the last 50 years (Anderson, 1964a, 1964b; Evans and
oombe, 1959; Rich, 1990) and until the recent development and
pplication of terrestrial laser scanners (TLS), was  the only practi-
al means of capturing a permanent record of vegetation canopy
tructure. HP is normally used to extract information on canopy
irectional gap fraction that can be used to derive LAI and other
anopy variables (Weiss et al., 2004). The main advantages of HP are
hat it is rapid, cheap and easily deployed in a forest environment,
nd many studies have attempted to use this approach to estimate
AI in forest and woodland canopies (e.g., Chen et al., 1997). The
ain weaknesses of HP are that, the analysis normally requires a
anual interpretation stage to set a threshold between sky and
egetation pixels, the measurements are affected by variation in
amera exposure and sky conditions at the time of measurement,
nd it is generally very difﬁcult to separate woody elements from
oliage elements because the photographs are effectively analysed
s binary images (Leblanc et al., 2005). Furthermore, HP provides
nly a two-dimensional representation of canopy structure pro-
ected onto a plane, so that important canopy characteristics like
eight, leaf and crown shape, and gap size, cannot readily be deter-
ined.
The recent development of TLS technologies has provided
n opportunity to rapidly capture detailed information on the
D characteristics of vegetation canopies. TLS combine a laser
ange-ﬁnding measurement and recording system with a two-axis
canning mechanism, and automatically capture 3D point clouds,
onsisting of many millions of samples, that may  be reconstructed
o represent the 3D structure of the object scanned. Commercially
vailable TLS provide very precise range measurements over long
istances, and are designed to provide 3D models of buildings, ter-
ain, rock outcrops and industrial infrastructure. However, they
re generally not suitable for measuring forest canopies because
heir scanning geometry is often sub-optimal, they record at just
ne laser wavelength and, with a few exceptions, they record only
iscrete returns, rather than the full-waveform of backscattered
aser energy. In addition, the measurement characteristics and data
rocessing algorithms used by commercial TLS manufacturers are
ften proprietary, and are not made available to the end-user, mak-
ng it difﬁcult to work with the radiometric information provided
y TLS.
This paper describes the ﬁrst operational dual-wavelength,
ull-waveform terrestrial laser scanner, designed speciﬁcally for
easuring the 3D structure of forest canopies. The Salford
dvanced Laser Canopy Analyser (SALCA) is a research instru-
ent that allows a wide range of experiments to be undertaken
o examine the interaction of laser radiation with forest canopies,
o develop a better understanding of the measurement characteris-
ics of TLS, and to test a range of new methods to characterize forest
tructure. The objective of this paper is to describe and justify the
esign of the instrument, to illustrate its measurement character-
stics, and outline a range of potential applications using ﬁeld data
ets collected as part of the programme of instrument development.
. Terrestrial laser scanning of vegetation canopy structure
Most TLS operate using a short pulsed time-of-ﬂight measure-
ent to determine the range of objects within the laser beam and
igitize the time-dependent backscattered energy for each pulse.
 number of recent studies have demonstrated the potential of TLS
or characterizing vertical forest canopy foliage proﬁle, directional
ap fraction, chlorophyll content, and LAI (e.g. Beland et al., 2011;
anson et al., 2007; Eitel et al., 2010; Garcia et al., 2011; Lovell et al.,
003; Moorthy et al., 2008; Radtke and Bolstad, 2001; Tanaka et al.,
998, 2004). However, commercially sensitive, and unknown, echo Meteorology 198–199 (2014) 7–14
detection algorithms are usually applied to these data to detect
ranges to a limited number of targets. These may  include returns
triggered by objects only partially occupying the laser beam, result-
ing in errors in estimating gap fraction. This effect may lead to
an under-estimation of gap fraction and over-estimation of LAI
(Beland et al., 2014; Ramirez et al., 2013). Without knowledge of
the echo detection algorithm applied, correcting for such effects is
difﬁcult.
Full-waveform TLS can record the range to multiple targets
and allow the application of alternative echo detection algo-
rithms, and varying sensitivity thresholds, for detection of multiple
objects intercepting the laser beam, and provide the potential
for full quantitative interpretation of the radiometric intensity of
the backscattered signal. However, only a few full-waveform ter-
restrial laser scanners have been developed and used for ﬁeld
measurements of forest structure. The RIEGL VZ-400 (RIEGL Laser
Measurement Systems GmbH, Horn, Austria, www.riegl.com), per-
forms ‘online waveform analysis’ to provide range, intensity, pulse
width, and quality information, but does not allow end-user access
to the full waveform since the background noise used in the echo
detection algorithm is not recorded. In spite of this limitation,
recent applications of this instrument have illustrated its poten-
tial for forest structural measurements (Beland et al., 2014; Vaccari
et al., 2013). The CSIRO Echidna® (Strahler et al., 2008; Yang et al.,
2013; Yao et al., 2011; Zhao et al., 2011, 2012) was a prototype
single-wavelength system, recording full-waveform data, that laid
the foundations for the development of this new technology, but
it is no longer operational and was never commercially available.
Both the RIEGL VZ-400 and Echidna® use a single laser wavelength
at around 1550 nm which can limit their application when trying
to separate canopy components (e.g. branches and leaves) based
on differences in return intensity, as intensity is inﬂuenced by both
reﬂectance properties of the components, the amount of material in
the beam, as well as the local incidence angle. Such inﬂuences can-
not be separated in a single wavelength measurement. One way
to try to overcome this limitation, and better distinguish canopy
components, is to take measurements at multiple wavelengths and
make use of spectral ratios (Hancock et al., 2012).
A number of prototype, mainly laboratory-based, multispec-
tral laser scanner systems are under development for use in
vegetation applications. Rall and Knox (2004) developed the dual-
wavelength Spectral Ratio Biospheric Lidar, to examine changes in
return intensity from a tree canopy resulting from phenological
variation. Woodhouse et al. (2011) recently developed the Mul-
tispectral Canopy LiDAR system that uses a single tunable laser
aimed at measuring NDVI and Photochemical Reﬂectance Index
and designed to be a prototype airborne sensor (Morsdorf et al.,
2009; Wallace et al., 2012). Chen et al. (2010) used a supercon-
tinuum laser source to measure waveforms reﬂected from tree
samples at two  wavelengths in a bench-top experiment. Wei  et al.
(2012) developed a four-channel instrument and demonstrated its
application to measure surface reﬂectance and Gong et al. (2012)
tested a laboratory-based multi-wavelength LiDAR for vegetation
remote sensing. A prototype multispectral full-waveform LiDAR
instrument has also been successfully developed and tested for
vegetation measurements in a laboratory setting as described by
Hakala et al. (2012) and Vauhkonen et al. (2013).
These multi-wavelength instruments are all still under devel-
opment and not yet ready for routine deployment in forest
environments; however two dual-wavelength full-waveform
instruments have already been deployed in ﬁeld-based experi-
ments. The ﬁrst is the Dual Wavelength Echidna LiDAR (DWEL)
developed by the University of Boston, University of Massachusetts,
Boston, University of Massachusetts, Lowell, USA, and CSIRO,
Australia (Douglas et al., 2012). The second is the Salford Advanced
Laser Canopy Analyser (SALCA) developed by the University of
Forest Meteorology 198–199 (2014) 7–14 9
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Table 1
SALCA system speciﬁcations.
Wavelength 1063 nm and 1545 nm
Pulse length 1 ns
Pulse rate 5 kHz
Beam width at sensor 2.4 mm for 1063 nm and 3.6 mm for
1545 nm
Beam divergence 0.56 mrad
Detector ﬁeld of view 5 mrad
Sampling rate 1 GHz
Range resolution 15 cm
Maximum range 105 m
Angular sampling step in azimuth 1.05 mrad
Angular sampling in zenith
(selectable)
1.05/2.1/4.2 mradF.M. Danson et al. / Agricultural and 
alford, UK, and described in this paper. These two  instruments
ave been developed independently and, although they both mea-
ure two laser wavelengths (approximately 1064 and 1550 nm),
ther measurement characteristics of the systems, like beam
ize, beam divergence, and pulse length, are markedly different.
ork is currently underway to compare the data from these two
nstruments as part of an international terrestrial laser scanner
nter-comparison study (Armston et al., 2013) and no further details
f the DWEL instrument are provided here.
. SALCA: instrument concept and design
The Salford Advanced Laser Canopy Analyser (SALCA) was devel-
ped by the University of Salford and Halo Photonics Ltd., as the ﬁrst
ual-wavelength full-waveform terrestrial laser scanner designed
or ﬁeld-based characterization of forest and woodland canopy
tructure. The instrument records the full waveform of backscat-
ered energy with a range resolution of 15 cm and a maximum
ange of 105 m in two asynchronously emitted wavelengths in the
ear- and middle-infrared (1063 and 1545 nm). SALCA is rugged,
eather-proof and ﬁeld-portable (weight 15 kg) and designed to
e deployed on a surveying tripod on the forest ﬂoor. It requires
 24 V power supply (a 24 V 20 Ah LiFePO4 battery provides 5 h of
can time) and the control software is operated using remote desk-
op software and a wired or wireless connection. The scan data are
tored on-board and downloaded at the end of the data collection
eriod.
SALCA is designed to acquire laser measurements over a com-
lete hemisphere above the instrument. The scanner body moves
lowly in azimuth over 0–180◦ in selectable angular resolution
teps of 1.05, 2.1, or 4.2 mrad, and a rotating scanner head, equipped
ith a 45◦ mirror, rotates rapidly (1 Hz) deﬂecting the beam 360◦
n zenith (Fig. 1). Combining the pulse repetition rate of 5 kHz, and
he speed of rotation of the scanner head, the highest resolution
etting results in 3200 laser shots per revolution of the scan head
ver a zenith angle range of +96◦ to −96◦, and 3000 steps of the
can head to cover the azimuth range 0–180◦. The scan pattern is
adial with every azimuth scan line intersecting at 0◦ zenith so that
he density of sampling is high at high zenith angles (generally the
orest canopy) and lower at low zenith angles.
The two lasers follow the same optical path and are well aligned
ut, since only one detector is used, they ﬁre asynchronously,
esulting in a small offset in the footprints, in the zenith direction
nly, equivalent to less than 1% of footprint area. The backscat-
ered energy from each pulse is detected and then digitized at
 GHz using 8-bits, resulting in a two-wavelength full-waveform
ata record that measures the intensity of backscattered energy
rom objects in the beam up to 105 m from the instrument. The
aussian beam diameters, deﬁned as the width between the points
here the intensities are approximately 13.5% of the maximum
ntensity (Imax), or Imax/e2, as they leave the instrument are very
mall (Table 1). With a beam divergence of 0.56 mrad, the foot-
rints have diameters of 8.0 mm  (1063 nm)  and 9.2 mm (1545 nm)
t a range of 10 m.
When scanning at full resolution (1.05 × 1.05 mrad) SALCA
ecords 9.6 million dual-wavelength waveforms in approximately
10 min; most of the results shown in this paper are derived from
ow resolution (1.05 × 4.2 mrad) scans that are recorded in approxi-
ately 25 min. In addition to providing hemispherical scans, SALCA
an operate in a ‘stare mode’, recording repeated pulses at a spec-
ﬁed ﬁxed azimuth and zenith angle, which is useful for assessing
eam alignment and scan geometry, and conducting experiments
here it is necessary to create interactions with a speciﬁc tar-
ets. Key system characteristics for the instrument are presented
n Table 1.Angular displacement between
wavelengths
6 rad
4. Instrument tests and potential applications
SALCA is an operational instrument that has been deployed in
laboratory and ﬁeld experiments since 2011 (Danson et al., 2012).
Work has been undertaken in a laboratory setting to characterize
the radiometric and geometric properties of the measurements,
and to investigate the application of the instrument to measure
leaf water content. It is also currently being deployed in a range
of ﬁeld campaigns to test, amongst other things, the application of
SALCA data for monitoring forest canopy growth dynamics, for LAI
and cover estimation, and to assess forest canopy water status. The
following section aims to illustrate the key characteristics of the
data recorded by the instrument and uses ﬁeld data collected at
Delamere Forest, Cheshire, UK, between 2011 and 2014. Delamere
Forest is a mixed-species woodland of around 970 ha owned and
managed by the UK Forestry Commission; its consists of stands of
managed conifers, mainly Scots pine (Pinus sylvestris) and Corsi-
can pine (Pinus nigra var. maritima), and areas of mixed deciduous
species, including oak (Quercus robur), birch (Betula pendula), com-
mon  beech (Fagus sylvatica) and sweet chestnut (Castanea sativa).
The ﬁeld measurements to date have used ﬁxed survey plots in both
evergreen and deciduous stands described in detail in Ramirez et al.
(2013).
4.1. Full waveform data recording and analysis
SALCA digitizes the intensity of the backscattered energy at a
rate of 1 GHz resulting in a sample every 15 cm in range, up to
the maximum range of the sensor (105 m).  For every laser pulse
the recorded waveform therefore consists of 700 8-bit samples
for the 1545 nm wavelength followed by 700 samples for the
1063 nm wavelength. Target detection involves the application of
an adjustable noise threshold and the identiﬁcation of data points
above this threshold. This approach requires that the instrument
noise is both stable and predictable and in the case of SALCA it has
been found to be very stable with the DN varying over a range of
only 3–4 DN. Furthermore, since only one detector is used, the noise
characteristics are identical for both wavelengths so that a single
noise threshold may  be applied to the data in both wavelengths (see
Fig. 2). Examples of SALCA system waveforms are shown in Fig. 2,
extracted from a full hemisphere low resolution (1.05 × 4.2 mrad)
scan at a mixed oak/birch stand at Delamere Forest in July 2011. At
zero range there is a signal from the internal reﬂection within the
instrument optics of the outgoing laser pulse in both wavelengths
and this is normally used to set the zero range for each waveform
separately. The single return is from a tree stem at a range of 12.8 m
and is the only object detected in that particular laser shot. There is
a strong return (high intensity) from the object in both wavelengths
indicating that it occupies a large proportion of the beam and has
10 F.M. Danson et al. / Agricultural and Forest Meteorology 198–199 (2014) 7–14
ion (le
a
w
a
o
o
b
d
i
u
(
i
n
e
p
w
r
m
t
t
r
o
a
b
t
r
p
d
t
s
F
(Fig. 1. Sketch of SALCA showing two-axis rotation and laser shot direct
 relatively high reﬂectance at both wavelengths. The two-return
aveform is from the canopy and records objects at range of 14.30
nd 15.00 m;  the higher DN of the second return indicates that the
bject is larger and/or more reﬂective at both wavelengths than the
bject triggering the ﬁrst return.
Further quantitative application of these data requires cali-
ration to ‘apparent reﬂectance’ taking into account the range
ependence of laser intensity and the response of the detector to
nput energy (Kaasalainen et al., 2009). Calibration can be achieved
sing targets with known reﬂectance positioned within scans
Gaulton et al., 2013a) and a comprehensive calibration procedure
s now being developed for SALCA using data collected in an inter-
ational laser scanner inter-comparison study in 2013 (Armston
t al., 2013), with initial results illustrated later in this paper.
Fig. 3 shows an example of a dual-wavelength multiple return
oint cloud from a hemispherical scan for the same oak/birch plot,
ith the return number coloured according to range. The ﬁrst
eturns are from all parts of scene including understory vegetation,
ain stems, and the canopy overhead. The second returns are from
he canopy or partially occluded areas of stem and understory, and
he main stems show no returns as expected (single return). Third
eturns are recorded at close range from the understory, or at 15 m
r more in the canopy. There were a small numbers of fourth, ﬁfth
nd sixth returns, mainly from the canopy. Up to eight returns have
een detected in the scans recorded at various forest plots from
he Delamere Forest site. Higher frequencies of second and third
eturns for the 1545 nm wavelength may  be related to the higher
ower output of this laser module.
To date, two echo-detection algorithms have been applied to the
ata to detect the range and magnitude of all returns. The ﬁrst uses
he maximum return value for a given target as the recorded inten-
ity; this has been shown to be relatively noisy when observing
ig. 2. Examples of SALCA dual-wavelength waveforms with one return (left) and two  ret
reproduce in colour on web  only.)ft) and deployed in the ﬁeld (right) (reproduce in colour on web only.)
extended targets with uniform reﬂectance characteristics. The sec-
ond uses the sum of all intensity values above noise threshold for
a given object providing data with a larger dynamic range and less
noise. Other echo detection algorithms, including the use of Gauss-
ian and quadratic ﬁtting, are currently being tested, and compared
with the current methods. This work indicates that the short pulse
length of SALCA (1 ns or about 30 cm)  means that it is possible to
identify discrete objects within this range, but that the number of
measurements available for ﬁtting smooth functions to the returns
makes range determination with SALCA less accurate than systems
with longer pulses or shorter range bins.
4.2. Dual wavelength applications
The dual-wavelength measurement characteristics of the SALCA
provide an opportunity to explore the 3D spectral properties of
forests with a terrestrial laser scanner. A key design character-
istic is that the dual wavelength measurements may  be used to
derive a ratio of ‘apparent reﬂectance’ that is insensitive to the
amount of material intercepting the beam and the laser incidence
angle, thereby allowing classiﬁcation of the point cloud into dif-
ferent spectral components. If the ratios differ between woody
and leaf material in a consistent way, then a simple threshold will
allow separation of laser returns from these two  canopy compo-
nents. This may  then provide a way to measure true LAI (assuming
knowledge of clumping), rather than the plant area index (PAI) gen-
erally measured by HP or other indirect imaging instruments. This
approach will depend on accurate calibration of the data to appar-
ent reﬂectance and spectrally distinct woody and leafy material in
the canopy.
As an initial test of this approach, a full hemisphere dual-
wavelength scan from a mixed broadleaved (oak and birch) stand
urns (right). The 1545 nm waveforms have a positive offset in both cases for clarity
F.M. Danson et al. / Agricultural and Forest Meteorology 198–199 (2014) 7–14 11
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and measuring both laser intensity and leaf water content change
over time. Equivalent water thickness (EWT) was  estimated from
the SNRI with an RMSE of 0.007 g cm−2, based on a leave-one-out
cross validation, and the results were consistent with modelledig. 3. Dual-wavelength multiple return (ﬁrst, second, third) point clouds from SALC
ange  recorded (reproduce in colour on web  only).
t Delamere Forest was recorded in July 2011 (full leaf cover) and
 simple reﬂectance normalization procedure applied, based on
easured maximum return at all ranges to correct for the range-
ependent variation in intensity, described in detail in Ramirez
t al. (2013). Fig. 4 shows the 1063 and 1545 nm uncorrected inten-
ity images for the plot with dark green indicating high intensity
nd brown low intensity. The lower ﬁgure shows the SALCA Nor-
alized Ratio Index (Eq. (1)) (SNRI) from low (black) to high (bright
ray).
SNRI) = (1063 − 1545)
(1063 + 1545) (1)
here 1063 is the reﬂectance at 1063 nm and 1545 is reﬂectance
t 1545 nm.
The uncorrected images clearly show the effect of range on
he return intensities but, after normalization, and application of
he ratio, the separation of the woody and leafy material in the
NRI image becomes clearer. At this stage the separation threshold
ould need to be set interactively but, with more robust cali-
ration and additional information about the spectral properties
f the canopy, a threshold could be determined automatically.
ork is ongoing to develop routine data calibration procedures for
ALCA and ongoing experiments are collecting ﬁeld spectral mea-
urements to better characterize the reﬂectance of forest canopy
omponents.
The dual-wavelength measurements of the SALCA instrument
lso provide an opportunity to explore the use of LiDAR systems
o measure vegetation water content. The 1063 nm laser is at a
avelength close to the NIR reﬂectance peak of healthy vegetation
nd the 1545 nm laser is on the edge of a major water absorption
eature. Passive optical reﬂectance measurements at wavelengths
lose to these have often been used to measure leaf and canopy
ater content from remotely sensed measurements (e.g., Danson
t al., 1992; Al-Moustafa et al., 2012). An experiment to test the
pplication of SALCA for measuring leaf water content was  con-
ucted in a laboratory setting, using leaves from a range of species, of an oak/birch plot. Azimuth range 0–180◦ , zenith range 0–90◦ and 60 m maximumFig. 4. 1063 (top left) and 1545 nm (top right) uncorrected intensity images of
broadleaved deciduous plot with dark green indicating high intensity and brown
low intensity, and SNRI (bottom centre) from low (black) to high (light grey) in
hemispherical projection (reproduce in colour on web only).
1  Forest Meteorology 198–199 (2014) 7–14
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Fig. 5. (a) Mean SALCA intensity for a reﬂectance calibration panel at multiple2 F.M. Danson et al. / Agricultural and
elationships between reﬂectance and water content from the
rospect model (Gaulton et al., 2013a). Follow-on experiments on
omplete canopies both in the laboratory and in ﬁeld experiments
ave been completed recently and indicate that this measurement
apability may  be scalable to the canopy level (Gaulton et al., 2013b)
pening the possibility of water stress detection in forests using this
ype of device.
.3. Reﬂectance calibration experiments
The key calibration requirement for the applications of SALCA
escribed above is to derive an apparent reﬂectance product that
llows quantitative comparison of the reﬂectance of objects inde-
endent of measurement conditions. TLS reﬂectance calibration
s normally achieved by taking into account the system detector
esponse, the range dependence of intensity measurements, and
he optical arrangement of the transmitted pulse with respect to
he detector ﬁeld of view. Since these characteristics are normally
ystem-speciﬁc, calibration is most easily achieved using measure-
ents of targets of known reﬂectance (Kaasalainen et al., 2009).
 detailed study to compare the reﬂectance calibration of ﬁve
ifferent TLS, including SALCA, is now underway as described in
rmston et al. (2013). In this work the TLS measured a six tile multi-
eﬂectance calibration panel at multiple ranges (range (R) = 2, 4, 6,
, 10, 15, 20, 40 and 60 m)  indoors and, in the same scan, an identical
arget at a range of 8 m.  The reﬂectances of the target were deter-
ined using an ASD FieldSpec spectroradiometer equipped with a
ontact probe. The moving target was used to examine the range-
ependent intensity response of the different instruments and the
xed range target was used to determine the intensity–reﬂectance
esponse and detect temporal changes in recorded TLS intensity.
he full outcome of this experiment will be reported in full in the
uture, but initial results for SALCA are included here. Fig. 5a shows
he form of the relationship between range and mean intensity for
 single reﬂectance calibration sub-panel. The form of the relation-
hip is typical for TLS where at close range there is an initial increase
n intensity with range, followed by a decrease (Kaasalainen et al.,
009). The form of the relationship at close range is mainly related
o the physical offset between the centre of the outgoing beam and
he centre of the detector ﬁeld of view. In the case of SALCA this
hysical offset is approximately 20 mm,  with a small square mirror
o steer the beams through the exit aperture located at the edge of
 lens to collect the backscattered light and focus it on the detector.
n other TLS systems this physical offset may  be larger. After a range
f 4 m the effects of the inverse square law become more important
nd at 8 m the relationship approaches the expected 1/R2 form.
The intensity–range relationship established using the method
llustrated above could be used, with the analysis of additional
eﬂectance panels, to derive a reﬂectance calibration relationship
or the instrument that requires only intensity and range as the
nput variables. However such a relationship would depend on
he existence of a linear relationship between the backscattered
nergy detected and the reﬂectance of the object measured. Fig. 5b
hows an example of the form of this relationship for a six sub-
anel reﬂectance calibration target at a range of 10 m.  The form
f the relationship is clearly non-linear so that reﬂectance calibra-
ion will need to take into account the forms of this relationship
t all ranges. The observed non-linearity is a characteristic of the
etector used and, at higher recorded intensity values, the effects of
aturation of the signal. Similar non-linear relationships between
ecorded DN and reﬂectance were also found for other TLS tested
n this experiment.These results highlight the complexity of reﬂectance calibration
or systems like SALCA where the range dependence of the inten-
ity measurements does not follow a simple 1/R2 function and the
elationship between intensity and reﬂectance is non-linear andranges. Measured panel reﬂectance was  21.62% and 27.65% for the 1063 and 1545 nm
wavelengths respectively. (b) Intensity–reﬂectance relationship for six panels at a
range of 10 m.  Error bars are ± 2 standard deviations.
also range-dependent. In addition, the experiment introduced here
showed that there was also time-dependent decrease in measured
intensity related to heating of the laser modules, which is possi-
bly inﬂuenced by variations in ambient air temperature. A wider
range of reﬂectance panel measurements are now being collected
in the ﬁeld using multiple ranges and under a range of air tempera-
tures to better understand these characteristics of the instrument.
These measurements will be used to provide the data to drive a full
apparent reﬂectance calibration for SALCA.
5. Measurement challenges and instrument design
Designing, building and testing a dual-wavelength full-
waveform terrestrial laser scanner has provided an opportunity to
conduct a range of laboratory and ﬁeld experiments and to directly
explore the instrument characteristics and data properties. Access
to the full record of system binary data allows tests to be conducted
to assess data processing and information extraction algorithms in
a way that is not currently possible with commercial TLS. At the
same time this approach has presented a series of challenges related
to: accurate reconstruction of the 3D point clouds, which relies on
very accurate system timing and a good knowledge of the scanning
geometry; accurate beam alignment, which is required to compute
band ratios on a point-by-point basis, and must be checked and
corrected periodically; and control of the relationship between out-
put laser power and the sensitivity range of the detector, to avoid
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ignal saturation. To address the latter it is currently necessary to
se neutral density ﬁlters to reduce the laser output power and
void saturating the detector with returns from close-range high
eﬂectance targets. However, the use of the ﬁlters is a trade-off
ith range, since lower output power reduces the total range over
hich objects may  be detected. Repeat scans in the ﬁeld, using dif-
erent ﬁlter combinations, has allowed us to explore this issue in
etail.
SALCA uses lasers with a short pulse length, narrow beam and
mall beam divergence so that small gaps in the canopy may  be
etected (since there will be no return signal); systems with longer
ulse lengths and/or larger beam sizes will record more complex
aveforms which may  be more difﬁcult to interpret. The facility
o vary the beam divergence, a feature of the Echidna and DWEL
ystems, may  provide further useful data with which to explore
hese effects. SALCA’s short pulse length limits the accuracy of range
etection, as discussed earlier, and so the range accuracy of a single
ALCA return using an intensity sum algorithm is likely to be of
he order of 2–3 cm.  This may  limit the application of SALCA for
D tree reconstruction where sub-centimetre accuracies are ideally
equired. Range accuracy is partly dependent on object reﬂectance,
nd the range at which the object is measured, but we have yet
o make a systematic study of these effects. Increasing the signal
igitization rate from 1 GHz to 2 GHz would be a simple way to
mprove SALCA’s range measurement accuracy.
There is great potential in the application of dual-wavelength
easurements to separate returns from the different canopy com-
onents. Using ratios of laser wavelengths should allow separation
f canopy components, even when they represent multiple objects
ntercepting a single laser shot, since the ratios are computed
or each return separately. However, it is clear that, unless there
s a spectral difference between the woody material and the
eaves/needles in a canopy in one of the laser wavelengths, sepa-
ation of the components will not be possible, and additional laser
avelengths may  be required. Where there is a mix  of material
etected within the same range bin separation will also be difﬁcult.
he potential of using multiple laser wavelengths has been demon-
trated in laboratory-based studies discussed earlier, and these
easurements may  provide additional information on 3D canopy
iochemistry, although problems associated with the requirement
or high laser power and maintaining eye-safe operation in ﬁeld-
ased data collection have yet to be overcome.
. Discussion and conclusions
The Salford Advanced Laser Canopy Analyser is the ﬁrst
ual-wavelength full-waveform TLS designed to measure the
hree-dimensional characteristics of forest and woodland canopies.
t has been deployed in ﬁeld and laboratory experiments since
011 and has provided unique data sets with which to assess
he potential application of this technology to measure forest
anopy biophysical properties. Previous research with commer-
ial single return, or single wavelength TLS has shown that very
ccurate geometric measurements of forest stand structure can
e obtained, but that partial hits, particularly from the canopy,
resent an insurmountable problem for quantitative data extrac-
ion of true LAI. The use of full-waveform multiple wavelength TLS
rovides a potential solution since they provide information on
ll objects intercepting the laser beam and measure the spectral
roperties of different canopy components. Dual-wavelength sys-
ems like SALCA represent a signiﬁcant advance in measurement
apabilities, but successful application of the technology for rou-
ine measurements of forest canopy dynamics will require accurate
ystem calibration, accurate geometric reconstruction and registra-
ion of the scan data in both wavelengths, and development of data
xtraction algorithms that fully utilize the information recorded. Meteorology 198–199 (2014) 7–14 13
Acknowledgements
The development and initial testing of the SALCA instru-
ment was  funded by a Technology Proof-of-Concept Grant
(NE/H002685/1) and a Small Project Grant (NE/I01702X/1) from
the Natural Environment Research Council, UK. FMD is currently
supported by a Royal Society Leverhulme Trust Senior Research Fel-
lowship (2013–14). The Forestry Commission are acknowledged for
permission to undertake ﬁeldwork at Delamere Forest, Cheshire,
UK. Dr John Armston and the Terrestrial Laser Scanner Interna-
tional Interest Group are acknowledged for their contributions to
the calibration work.
References
Al-Moustafa, T., Armitage, R.P., Danson, F.M., 2012. Mapping fuel moisture content in
upland vegetation using airborne hyperspectral imagery. Remote Sens. Environ.
127,  74–83.
Anderson, M.C., 1964a. Studies of the woodland light climate.1. The photographic
computation of light conditions. J. Ecol. 52 (1), 27–41.
Anderson, M.C., 1964b. Studies of the woodland light climate. 2. Seasonal-variation
in the light climate. J. Ecol. 52 (3), 643–663.
Armston, J., Newnham, G., Strahler, A., Schaaf, C., Danson, F.M., Gaulton, R., Zhang,
Z., Disney, M.,  Sparrow, B., Phinn, S., Schaefer, M., Burt, A., Counter, S., Erb,
A.,  Goodwin, N., Hancock, S., Howe, G., Johansen, K., Li, A., Lollback, G., Mar-
tel,  J., Muir, J., Paynter, I., Saenz, E., Scarth, P., Tindall, D., Walker, L.A., Witte, C.,
Woodgate, W.,  Wu,  D., 2013. Intercomparison of terrestrial laser scanning instru-
ments for assessing forested ecosystems: a Brisbane ﬁeld experiment. Abstract
B11G-0443 presented at 2013 Fall Meeting, AGU, San Francisco, Calif., 9-13 Dec.
Asner, G.P., Scurlock, J.M.O., Hicke, J.A., 2003. Global synthesis of leaf area index
observations: implications for ecological and remote sensing studies. Glob. Ecol.
Biogeogr. 12 (3), 191–205.
Baldocchi, D.D., Wilson, K.B., 2001. Modeling CO2 and water vapor exchange of a
temperate broadleaved forest across hourly to decadal time scales. Ecol. Model.
142  (1–2), 155–184.
Beland, M.,  Baldocchi, D.D., Widlowski, J.-L., Fournier, R.A., Verstraete, M.M.,  2014.
On seeing the wood from the leaves and the role of voxel size in determining
leaf area distribution of forests with terrestrial LiDAR. Agric. For. Meteorol. 184,
82–97.
Beland, M.,  Widlowski, J.-L., Fournier, R.A., Cote, J.-F., Verstraete, M.M., 2011. Estimat-
ing  leaf area distribution in savanna trees from terrestrial LiDAR measurements.
Agric. For. Meteorol. 151 (9), 1252–1266.
Bonan, G.B., 1993. Importance of leaf-area index and forest type when estimating
photosynthesis in boreal forests. Remote Sens. Environ. 43 (3), 303–314.
Breda, N.J.J., 2003. Ground-based measurements of leaf area index: a review of meth-
ods, instruments and current controversies. J. Exp. Bot. 54 (392), 2403–2417.
Chen, J., Rich, P., Gower, S., Norman, J., Plummer, S., 1997. Leaf area index of boreal
forests: theory, techniques, and measurements. J. Geophys. Res.—Atmos. 102
(D24), 29429–29443.
Chen, Y., Raikkonen, E., Kaasalainen, S., Suomalainen, J., Hakala, T., Hyyppa, J., Chen,
R.,  2010. Two-channel hyperspectral LiDAR with a supercontinuum laser source.
Sensors 10 (7), 7057–7066.
Danson, F.M., Steven, M.D., Malthus, T.J., Clark, J.A., 1992. High-spectral resolution
data for determining leaf water-content. Int. J. Remote Sens. 13 (3), 461–470.
Danson, F.M., Hetherington, D., Morsdorf, F., Koetz, B., Allgower, B., 2007. Forest
canopy gap fraction from terrestrial laser scanning. IEEE Geosci. Remote Sens.
Lett. 4 (1), 157–160.
Danson, F.M., Armitage, R.P., Gaulton, R., Gunawan, O.T., Ramirez, F.A., 2012. Field
Trials of a Full-Waveform Terrestrial Laser Scanner to Measure Forest Canopy
Dynamics. SilviLaser 2012, 16–19 September 2012. Vancouver, Canada.
Douglas, E.S., Strahler, A., Martel, J., Cook, T., Mendillo, C., Marshall, R., Chakrabarti,
S.,  Schaaf, C., Woodcock, C., Li, Z., Yang, X., Culvenor, D., Jupp, D., Newnham, G.,
Lovell, J., 2012. DWEL: a dual-wavelength Echidna lidar for ground-based forest
scanning. In: Proceedings of the 2012 IEEE International Geoscience and Remote
Sensing Symposium (IGARSS), pp. 4998–5001.
Eitel, J.U.H., Vierling, L.A., Long, D.S., 2010. Simultaneous measurements of plant
structure and chlorophyll content in broadleaf saplings with a terrestrial laser
scanner. Remote Sens. Environ. 114 (10), 2229–2237.
Evans, G.C., Coombe, D.E., 1959. Hemispherical and woodland canopy photography
and  the light climate. J. Ecol. 47 (1), 103–113.
Garcia, M.,  Danson, F.M., Riano, D., Chuvieco, E., Ramirez, F.A., Bandugula, V., 2011.
Terrestrial laser scanning to estimate plot-level forest canopy fuel properties.
Int. J. Appl. Earth Obs. Geoinf. 13 (4), 636–645.
Gaulton, R., Danson, F.M., Ramirez, F.A., Gunawan, O., 2013a. The potential of dual-
wavelength laser scanning for estimating vegetation moisture content. Remote
Sens. Environ. 132, 32–39.Gaulton, R., Hancock, S., Danson, F.M., Walker, L.A., 2013b. Monitoring canopy struc-
ture and moisture content with dual-wavelength terrestrial laser scanning. In:
Proceedings of 9th EARSeL Forest Fire Special Interest Group Workshop on
‘Quantifying the environmental impact of forest ﬁres’, 15th–17th October, War-
wickshire, UK.
1  Forest
G
H
H
J
K
K
L
L
M
M
R
R
R
R
S4 F.M. Danson et al. / Agricultural and
ong, W.,  Song, S., Zhu, B., Shi, S., Li, F., Cheng, X., 2012. Multi-wavelength canopy
LiDAR for remote sensing of vegetation: design and system performance. ISPRS
J.  Photogramm. Remote Sens. 69, 1–9.
akala, T., Suomalainen, J., Kaasalainen, S., Chen, Y., 2012. Full waveform hyperspec-
tral  LiDAR for terrestrial laser scanning. Opt. Exp. 20 (7), 7119–7127.
ancock, S., Lewis, P., Foster, M.,  Disney, M.I., Muller, J.-P., 2012. Measuring forests
with dual wavelength lidar: a simulation study over topography. Agric. For.
Meteorol. 161, 123–133.
onckheere, I., Fleck, S., Nackaerts, K., Muys, B., Coppin, P., Weiss, M.,  Baret, F.,
2004. Review of methods for in situ leaf area index determination—Part I. The-
ories, sensors and hemispherical photography. Agric. For. Meteorol. 121 (1–2),
19–35.
aasalainen, S., Krooks, A., Kukko, A., Kaartinen, H., 2009. Radiometric calibration
of  terrestrial laser scanners with external reference targets. Remote Sens. 1 (3),
144–158.
nyazikhin, Y., Schull, M.A., Stenberg, P., Mottus, M.,  Rautiainen, M.,  Yang, Y., Mar-
shak, A., Latorre Carmona, P., Kaufmann, R.K., Lewis, P., Disney, M.I., Vanderbilt,
V., Davis, A.B., Baret, F., Jacquemoud, S., Lyapustin, A., Myneni, R.B., 2013. Hyper-
spectral remote sensing of foliar nitrogen content. Proc. Natl. Acad. Sci. USA 110
(3),  E185–E192.
eblanc, S.G., Chen, J.M., Fernandes, R., Deering, D.W., Conley, A., 2005. Method-
ology comparison for canopy structure parameters extraction from digital
hemispherical photography in boreal forests. Agric. For. Meteorol. 129 (3),
187–207.
ovell, J.L., Jupp, D.L.B., Culvenor, D.S., Coops, N.C., 2003. Using airborne and ground-
based ranging lidar to measure canopy structure in Australian forests. Can. J.
Remote Sens. 29 (5), 607–622.
oorthy, I., Miller, J., Hu, B., Chen, J., Li, Q., 2008. Retrieving crown leaf area index
from an individual tree using ground-based lidar data. Can. J. Remote Sens. 34
(3), 320–332.
orsdorf, F., Nichol, C., Malthus, T., Woodhouse, I.H., 2009. Assessing forest struc-
tural and physiological information content of multi-spectral LiDAR waveforms
by  radiative transfer modelling. Remote Sens. Environ. 113 (10), 2152–2163.
adtke, P.J., Bolstad, P.V., 2001. Laser point-quadrat sampling for estimating foliage-
height proﬁles in broad-leaved forests. Can. J. For. Res. 31 (3), 410–418.
all, J., Knox, R. 2004. Spectral ratio biospheric lidar. IGARSS 2004: IEEE International
Geoscience and Remote Sensing Symposium Proceedings, Vols 1-7, 1951-1954.
amirez, F.A., Armitage, R.P., Danson, F.M., 2013. Testing the application of terres-
trial laser scanning to measure forest canopy gap fraction. Remote Sens. 5 (6),
3037–3056.
ich, P.M., 1990. Characterizing plant canopies with hemispherical photographs.
In:  Goel, N.S., Norman, J.M. (Eds.), Instrumentation for Studying Vegetation
Canopies for Remote Sensing in Optical and Thermal Infrared Regions. Remote
Sensing Reviews, 5, pp. 13–29.
ellers, P.J., Dickinson, R.E., Randall, D.A., Betts, A.K., Hall, F.G., Berry, J.A., Collatz,
G.J., Denning, A.S., Mooney, H.A., Nobre, C.A., Sato, N., Field, C.B., Henderson-
Sellers, A., 1997. Modeling the exchanges of energy, water, and carbon between
continents and the atmosphere. Science 275 (5299), 502–509. Meteorology 198–199 (2014) 7–14
Strahler, A.H., Jupp, D.L.B., Woodcock, C.E., Schaaf, C.B., Yao, T., Zhao, F., Yang, X.,
Lovell, J., Culvenor, D., Newnham, G., Ni-Miester, W.,  Boykin-Morris, W.,  2008.
Retrieval of forest structural parameters using a ground-based lidar instrument
(Echidna (R)). Can. J. Remote Sens. 34, S426–S440.
Tanaka, T., Park, H., Hattori, S., 2004. Measurement of forest canopy structure by
a  laser plane range-ﬁnding method improvement of radiative resolution and
examples of its application. Agric. For. Meteorol. 125 (1–2), 129–142.
Tanaka, T., Yamaguchi, J., Takeda, Y., 1998. Measurement of forest canopy struc-
ture  with a laser plane range-ﬁnding method—development of a measurement
system and applications to real forests. Agric. For. Meteorol. 91 (3–4), 149–160.
Vaccari, S., van Leeuwen, M.,  Calders, K., Coops, N.C., Herold, M.,  2013. Bias in lidar-
based canopy gap fraction estimates. Remote Sens. Lett. 4 (4), 391–399.
Vauhkonen, J., Hakala, T., Suomalainen, J., Kaasalainen, S., Nevalainen, O., Vastaranta,
M.,  Holopainen, M.,  Hyyppa, J., 2013. Classiﬁcation of spruce and pine trees using
active hyperspectral LiDAR. IEEE Geosci. Remote Sens. Lett. 10 (5), 1138–1141.
Wallace, A., Nichol, C., Woodhouse, I., 2012. Recovery of forest canopy parameters
by inversion of multispectral LiDAR data. Remote Sens. 4 (2), 509–531.
Wei, G., Shalei, S., Bo, Z., Shuo, S., Faquan, L., Xuewu, C., 2012. Multi-wavelength
canopy LiDAR for remote sensing of vegetation: design and system performance.
ISPRS J. Photogramm. Remote Sens. 69, 1–9.
Weiss, M.,  Baret, F., Smith, G.J., Jonckheere, I., Coppin, P., 2004. Review of methods
for in situ leaf area index (LAI) determination Part II. Estimation of LAI, errors
and  sampling. Agric. For. Meteorol. 121 (1–2), 37–53.
Woodhouse, I.H., Nichol, C., Sinclair, P., Jack, J., Morsdorf, F., Malthus, T.J., Patenaude,
G.,  2011. A multispectral canopy LiDAR demonstrator project. IEEE Geosci.
Remote Sens. Lett. 8 (5), 839–843.
Yang, R.Q., Friedl, M.A., 2003. Modeling the effects of three-dimensional vegetation
structure on surface radiation and energy balance in boreal forests. J. Geophys.
Res.—Atmos. 108, 8615–8626.
Yang, X., Strahler, A.H., Schaaf, C.B., Jupp, D.L.B., Yao, T., Zhao, F., Wang, Z., Cul-
venor, D.S., Newnham, G.J., Lovell, J.L., Dubayah, R., Woodcock, C.E., Ni-Meister,
W.,  2013. Three-dimensional forest reconstruction and structural parameter
retrievals using a terrestrial full-waveform lidar instrument (Echidna (R)).
Remote Sens. Environ. 135, 36–51.
Yao, T., Yang, X., Zhao, F., Wang, Z., Zhang, Q., Jupp, D., Lovell, J., Culvenor, D., Newn-
ham, G., Ni-Meister, W.,  Schaaf, C., Woodcock, C., Wang, J., Li, X., Strahler, A.,
2011. Measuring forest structure and biomass in New England forest stands
using Echidna ground-based lidar. Remote Sens. Environ. 115 (11), 2965–2974.
Zhao, F., Yang, X., Schull, M.A., Roman-Colon, M.O., Yao, T., Wang, Z., Zhang, Q., Jupp,
D.L.B., Lovell, J.L., Culvenor, D.S., Newnham, G.J., Richardson, A.D., Ni-Meister, W.,
Schaaf, C.L., Woodcock, C.E., Strahler, A.H., 2011. Measuring effective leaf area
index, foliage proﬁle, and stand height in New England forest stands using a
full-waveform ground-based lidar. Remote Sens. Environ. 115 (11), 2954–2964.Zhao, F., Strahler, A.H., Schaaf, C.L., Yao, T., Yang, X., Wang, Z., Schull, M.A., Roman,
M.O., Woodcock, C.E., Olofsson, P., Ni-Meister, W.,  Jupp, D.L.B., Lovell, J.L., Cul-
venor, D.S., Newnham, G.J., 2012. Measuring gap fraction, element clumping
index and LAI in Sierra Forest stands using a full-waveform ground-based lidar.
Remote Sens. Environ. 125, 73–79.
